2 Research into pressure retarded osmosis (PRO) as a method to extract energy from salinity 3 gradients is on the rise. Seawater Reverse Osmosis (SWRO) is now a leading technology in 4 the desalination industry worldwide, in both small and large scale applications, due to the 5 remarkable improvements in membrane performance and associated energy efficiency.
draw solution pre-treatment in the SWRO-PRO system avoids additional energy 1 expenditure that would be necessary in a stand-alone PRO system. As the energy and 2 chemical costs of pre-treating seawater is a substantial operating expenditure in SWRO 3 desalination [13] , the fact that SWRO-PRO capitalizes on the pre-treated brine reduces 4 some pre-treatment concerns, which can be significant in the PRO process. As a 5 consequence of these encouraging advantages, the integration of PRO into SWRO has 6 attracted the attention of many researchers and several studies are currently involved in 7 investigating the feasibility of SWRO-PRO systems [14, 15, 16, 17, 18] . In 2010, Japan 8 launched the Megaton water system. As part of the project, a prototype SWRO-PRO hybrid 9 plant was built and operated. Recycled water was supplied from a regional sewage treatment 10 facility and concentrated brine from a SWRO plant, using PRO hollow fiber modules. The 11 prototype PRO plant got the maximum output power density of 13.8 W/m 2 at 30 bars of 12 hydraulic pressure difference, corresponding to 38% permeation of pure water into the brine 13 [14]. Another study was carried out using an experimental pilot system, designed and 6 consumption. As a safety system to avoid damaging the membrane, a micro filter is installed 1 just before the High Pressure Pump (HP) with a degree of 5 microns of filtration. To feed the 2 first-pass membranes, an HP is required; the water produced is stored in a water tank, whereas 3 the brine goes to an Energy Recovery system (Pressure exchanger PX). In routine operational 4 conditions, the recovery factor is arbitrarily selected to be 45%.
5
The Second RO Pass consists of two phases, it is first dosed with an antifouler designed to 6 avoid salt precipitation and a micro filter is installed with a degree of 5 microns of filtration, 7 as a safety system to avoid membrane fouling. Second, to feed the second-pass, the RO 8 requires an HP to pressurize the water before it enters the membrane.
9
The reverse osmosis recovery is around 70%. The water produced is stored in a DEMI water 10 tank, whereas the brine goes to an energy recovery system before being reused in the 11 proposed osmotic energy recovery system or being returned to the Ultra-Filtration Tank. 25 
SWRO-PRO configurations and integration methodologies

First SWRO-PRO configuration
26
A simplified presentation of the first SWRO-PRO configuration is illustrated in Fig.2 
To industrial process
PRO process [7] . The permeate of the RO 1 feeds the second stage RO sub-system (RO 2 ). To 1 recover the brine energy, an isobaric or turbocharged device could be used; alternatively, a 2 turbine could be employed to convert it into electrical energy. Following this 3 depressurization, the brine stream enters the PRO sub-system as a high salinity (draw) 4 solution (Q R1 = Q D ). The feed solution for the PRO sub-system (Q F = Q R2 ) is the retentate of 5 the second stage. Through osmosis, the pressurized draw solution extracts water from the 6 impaired water source under isobaric conditions, resulting in a diluted draw solution (Q DR ).
7
The energy stored in the diluted draw solution is then exchanged with the seawater RO feed 8 prior to discharge in order to recover its potential energy and increase the energy savings of 9 the SWRO-PRO system. The PRO feed solution bleed Q FR is rejected to the sea. 
Second SWRO-PRO configuration
25
In the second configuration, the feed solution entering the PRO sub-system was changed. The where ΔQ, , are the PRO permeate, the draw solution and the feed solution flow rates.
5
The boundaries of the permeate flowing across the PRO membrane is 0 ≤ ∆Q ≤ Q F . In other 6 words, the maximum dilution that can be reached with a perfect semi-permeable membrane 7 with no detrimental effects is reached when ∆Q = Q F . The dilution factor, DF, can be is equal to r. Theoretically, operating at high recoveries optimizes the performance of PRO in 24 terms of energy production thanks to the optimized feed flow ratio r. In realistic conditions,
25
high recoveries for seawater desalination are not achievable. Therefore, the choice of input 26 parameters should be studied in detail to guarantee high water production and considerable 27 energy recovery using PRO. For the first configuration, Eq.(4) of the Specific Energy production can be written using the 7 operational parameters of the SWRO as follows:
The results of the PRO energy production connected to the SWRO, as described for the first annulled. Consequently, at Y 1 =77%, the PRO specific energy production is the same for both
Under these conditions, the Specific Energy production can be written using the operational 3 parameters of the SWRO as follows:
(11) and second configurations, is described as follows [31] : Otherwise, the second configuration revealed three scenarios for theoretically possible EP 22 systems ( Fig.7-B) . Two operating parameters differentiate between the studied configurations: fouling, reverse salt diffusion, and pressure drops, which make, for instance, high dilution 2 unreachable. Thus, in SWRO-PRO hybrid systems, three parameters should be properly 3 controlled, namely: the recovery ratio, the dilution factor, and the PRO entering flow ratio. The variations along the membrane's length are often neglected in models designed to 26 simulate bench scale systems because the effect is difficult to observe over very small 27 membrane samples [26] . However, the passage of water through the membrane was followed by friction, which should cause some heating of solutions. If the water flow had been created 
SWRO model
18
The energy consumption of each RO stage in a two-stage RO plant, at the limit of the where R s is the salt rejection, and is the pump conversion. The specific energy cost for RO, 26 in the presence of an energy recovery device (ERD), operating at the limit of the 27 thermodynamic restriction, is:
where is the efficiency of the energy recovery device.
ERD energy recovery 1
The recovery of energy from SWRO systems has been a major factor in the reduction of the 2 cost of desalinated seawater, to a point where it is beginning to offer a challenge to 3 conventional sources. In our case, an ERD is placed after the first RO stage to recover energy 4 from the rejected brine. As mentioned previously, the ERD reduces the pressure of the brine 5 to a suitable value for PRO operational applied pressure (  ≈   ∆   2 ). This condition is a key 6 parameter for the optimum performance of the PRO process. In the second configuration, the 7 osmotic pressure of the PRO feed solution is relatively high at low RO 1 recoveries, which is 8 not the case for the first configuration. Therefore, the energy recovered using ERD depends 9 on the osmotic pressure that enters the PRO module. As π F changes with the recovery, the 10 contribution of ERD in the second configuration also varies regarding the osmotic pressure of 11 the PRO feed solution. Then, the energy recovered by ERD in the second configuration will 12 be much lower than in the first one. Subtracting Eq. (21) from Eq.(19), the energy recovered 13 by the ERD at the thermodynamic restriction is expressed as follows:
The subscripts 1 and 2 refer to the first and second configuration, respectively. The osmotic 
3.2.PRO model results
14
The SE PRO model was investigated by studying the response of the PRO sub-system after the Table S1 . When recovery increases, the draw solution concentration increases, 
3.3.SWRO-PRO model results
11
The total energy consumption of the SWRO-PRO system for both configurations is studied 12 here. As mentioned previously, the study only takes into account the effect of the recovery 13 ratio of the first RO stage, so that of the second stage is considered constant (Y 2 =70%).
14 According to Fig.10 and Fig.11 , the SE SWRO-PRO consumption is much lower for the ideal case taken as 90%, 98%, and 95%, respectively. 
Dilution factor in realistic conditions
16
The dilution factor reflects the amount of feed water that is mixed with the draw water to 17 produce energy. This parameter is strongly dependent on the membrane performance and the realistic dilution factor is investigated in the current section.
7
The maximum amount of feed flow that crosses the membrane to be mixed with the draw 8 solution, ∆ , can be calculated using the following equation [32] : Table S2 summarizes the different equations of DF for each case 21 studied. The realistic dilution factor can be determined using the parameters described in 22   Table S1 and the modeling results of section 3.2. To investigate the effect of each detrimental 23 effect, DF max is modeled under several operating conditions. In fact, the draw solution is Table S1 . processes for water and clean energy production. This work was funded by MiCInn DPI2014-54530-R and FP7 H2OCean (Grant 288145). 
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